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The inﬂuence of test method factors (notch shape, square or angular, and pre-cracking
method, by tapping onto or pressing a razor blade) on the results obtained in plane
strain fracture toughness test according to standard ASTM D5045 using SENB specimens
made of a commercial PMMA resin were investigated. Results were analyzed quantitatively
by comparing the obtained KIc values and qualitatively by observing their effect on the
Moiré fringes observed using photoelasticity, showing that, at 95% signiﬁcance level, the
KIc values are affected by the pre-cracking method, with the most conservative value being
obtained when natural pre-cracks were introduced by tapping onto a razor blade
(KIc ¼ 1.15  0.11 MPa$m0.5). This correlates with a perturbation in the stress ﬁeld close to
the pre-crack tip observed in the photoelasticity test sample when it was introduced by
pressing the razor blade. Surprisingly, notch geometry only slightly affects the results.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
In several branches of industry, for example, in the
automobile industry, polymers are substituting more
traditional materials (e.g. steels, silica glasses and so on)
mainly due to weight reduction requirements. In doing so,
components made of polymeric materials are assuming
growing responsibilities in applications in which structural
integrity is critical. Therefore, fracture toughness parame-
ters assume an important role in characterizing the mate-
rial’s mechanical properties. Standard test methods (STMs)
for fracture mechanics testing of polymers have been
available for a long time. The currently active ASTM code for
plane strain fracture toughness test (ASTM D5045), forx: þ55 11 30915243.
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03example, was ﬁrst issued in 1990 and was followed by the
code for J-R curve determination (ASTM D6068), ﬁrst
approved in 1996. This long history could lead one to
naively assume that performing a plane strain fracture
toughness test for any polymer would be trivial: just follow
the standard!
Reality, however, is not that simple. Fracture toughness
tests require the use of notched samples containing a pre-
crack, which must be introduced to simulate a natural
crack in the material in a reproducible way [1]. Both the
European Structural Integrity Society (ESIS) protocol [2]
and ASTM Standard D5045 [3], which rule the plane
strain fracture toughness test for polymers, suggest this
pre-crack should be introduced as a natural crack by
tapping on a fresh razor blade placed in the root of
a previously machined notch. These standards, however,
also allow inserting the pre-crack by sliding the razor blade,
either in one motion or with a sawing motion, in case the
production of the natural crack is not possible, and warn
Fig. 1. Schematic representation of the SENB specimen geometry, including
the notch.
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blade, since this could lead to residual stresses at the crack
tip, which could affect the measured KIc values, enhancing
them [2,3]. Another fracture mechanics STM, ASTM stan-
dard D6068 (Determining J-R curves of plastic materials),
also suggests the same procedures, but allows fatigue pre-
cracking (provided hysteretic heating can be avoided) and
even producing the pre-crack by pressing the razor blade
(provided the damage can be minimized) [4]. It is instruc-
tive to compare these STMs with the ASTM standard for
fracturemechanics testing of metallic materials (E1820 [5]).
In the case of metals, not only is the pre-cracking method
ﬁxed and well speciﬁed (fatigue pre-cracking), but also
details about sample and notch geometry are richer than in
the case of the plastic materials standards [5]. As an
example, STMs ASTM D5045 and D6068 suggest that the
notch may be either machined or sawed in the sample
(with no speciﬁc geometric deﬁnition), while STM ASTM
E1820 gives precise speciﬁcations for the notch geometry
(including ﬁnishing tolerances).
This apparent “freedom” could imply that fracture
mechanics testing in polymers would be particularly
insensitive to notching methodology, but this is contra-
dicted by available experimental evidence. Lu, Qian and
Brown [1], in their seminal work, tested several notching
procedures for an investigation concerning slow crack
growth (SCG) in a polyethylene resin designed for gas pipe
extrusion. These authors concluded that pressing a razor
blade at a rate of 50 mm$min1 produced the fastest growing
cracks, with times to fracture which were equivalent to
other more expensive or more complex notching proce-
dures (using a sharper razor blade, performing fatigue pre-
cracking or producing the natural pre-crack under cryo-
genic condition). These authors also showed that slicing the
notch and producing it with a rotary cutter lead to times to
fracture which were signiﬁcantly larger, and associated
these slower crack growth rates to the damage produced at
the crack tip during pre-cracking using these methods.
More recently, Dapp and Rimnac investigated the effect of
different pre-cracking methods over the results of J-R curve
determination in an Ultra High Molecular Weight Poly-
ethylene resin, also concluding that the gentle pressing of
a razor blade is the most reliable method [6]. These authors
warn against using fatigue pre-cracking, since this leads to
an increasing resistance to crack growth (presumably due to
the extensive damage produced at the crack tip). Two of the
present authors previously reported results on the effect of
pre-cracking method on plane strain fracture toughness
testing inpolyethylene [7]. Thematerial was cooled in liquid
nitrogen in order to provide valid results for KIc. The results
showed, at the 95% signiﬁcance level, that the obtained KIc
values depended on the pre-cracking method, being lower
for the case in which the pre-crack was introduced through
the gentle pressing of a razor blade. These results suggest
that, at least for the tough polyethylene, the procedure
suggested by Lu, Qian and Brown [1] should be adopted
instead of the one indicated in the STMs.
This raises the question whether this would be the case
also for other polymers. The present work aims at
answering part of this question, by investigating the effect
of pre-cracking method in PMMA, which is a prototype forbrittle polymers. The use of PMMA, however, also allows
the application of photoelasticity to the problem, allowing,
at least qualitatively, to make visible the effects of notch
geometry and pre-cracking method in the displacement
ﬁeld produced in the sample during loading.
2. Experimental
2.1. Material
The material investigated in the present work is
a Poly(Methyl Methacrylate), PMMA, resin produced by
Resarbras da Bahia SA with density 1180 kg$m3, tensile
fracture strength sf ¼ 69 MPa, melt ﬂow index, MFI
(10 min) ¼ 2.5 g and glass transition temperature,
Tg ¼ 112 C.
2.2. Samples
The present investigation was made using Single-Edge
Notched Bending, SENB, geometry in three-point bending,
following the ASTM D5045 Standard. The samples were
machined from compression molded plates produced
according to ASTM D4703-03. The plates had dimensions
close to 180  180  6 mm. Compression temperature was
190 C and closing pressure was 20 MPa. Through visual
inspection, it was observed that the produced plates were
free of defects such as pores or cracks, and no signs of
internal stresses could be detected. Two plates were used in
the present work; the provenance of the samples will be
indicated in the results section.
Fig. 1 shows the adopted sample geometry and the
deﬁnition of the relevant length variables. Two sets of
dimensions were adopted, which are shown in Table 1. The
fracture toughness tests used samples from set I. The use of
smaller samples allowed for a better usage of the whole
compression molded plate and, as will be seen later, the
test conditions complied with the size constraint to
produce valid KIc results. These samples, however, were too
Table 1
Projected dimensions of the two sets of specimens investigated in the
present work.
Set L [mm] W [mm] B [mm]
I 60 13 6.5
II 54 41 14
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the Moiré fringes could be well developed. Therefore, these
tests were conducted on the samples of set II which, by
being larger, allowed larger loads before fracture. Since the
adopted notching method allowed the production of single
notch geometry, no attempt was made to produce self-
similar samples. The analysis of the displacement ﬁeld in
the photoelasticity samples, therefore, correlated only
qualitatively with the one operating in the fracture
toughness samples.
The notch dimensions depended on the employed
notching method and will be described in the next section.
In all cases, the measured dimension of the tested speci-
mens will be given in the results section.
2.3. Notching
In order to obtain reproducible notching geometries
a rotation cutting device was employed, to which a steel
cutting disk was coupled. This cutting disk was sharpened
to a 45 angle at the tip and the notch root was kept straight
by displacing vertically the sample in a single direction.
Fig. 2 shows an example of the produced notch geometry.
In order to test the effect of notch geometry, one set of
fracture toughness samples contained a notch produced by
saw cutting. This notch, therefore, has a square shape and
not the sharp tip geometry shown in Fig. 1. Concerning
dimensions, the width (c) of the notch depended on the
width of the employed tool, which was 1.6 mm for the
rotating disk and 1.3 mm for the saw cutter. The notch
depth (b) was set to 4 mm in the samples of set I and to
18.5 mm in the case of the samples of set II.
2.4. Pre-cracking
Two pre-cracking methods were used. In the ﬁrst, the
pre-crack was produced by tapping on a blade introducedFig. 2. Example of notch root, produced by the rotating disk in the PMMA
sample, using a rotation of 3600 rpm. Secondary electron image of the
gold-coated surface, oblique view.in the notch. First trials using a razor blade, as speciﬁed by
the adopted STM, showed that this deformed and bent
during pre-cracking, therefore a knife blade (from a box
cutter) was used instead. The tapping procedure involved
ﬁrst producing a natural pre-crack and then carefully
extending it until its size was about 0.8 mm from the notch
root. In the second method the pre-crack was produced by
slowly pressing the blade in the notch, until a prescribed
depthwas achieved. In both cases a special device was used
to hold the blade in place. In the case of the tapping
method, this was made manually with the help of a gold-
smith’s hammer. In the case of the slow insertion method,
this was made by attaching the device to the upper grip of
the universal testing machine and lowering the upper
beam at a constant speed of 10 mm$min1; the setup depth
limit was 0.8 mm. One set of samples was tested without
producing the pre-crack (in other words, directly after
machining the notch).
2.5. Mechanical tests
The tests were conducted on a standard electrome-
chanical testing machine using a previously calibrated
19600N (2000 kgf) load cell. As stated before, the tests were
conducted in three-point bending geometry and the span
length was set to 52 mm (4W) in the case of the samples of
set I. The span length in the photoelasticity tests was given
by the apparatus attached to the used polariscope and will
be described in the next section. Testing speed was set to
10 mm$min1 and testing temperature was controlled to
be within the range 25  2 C.
The test protocol and the procedure for result analysis
were as prescribed by ASTM D5045 [3]. Six samples were
tested for each condition (pre-crack introduced by tapping
on the blade or by controlled insertion, without pre-crack
or with sawed notch). The ﬁnal pre-crack size (a) was
determined post mortem using a traveling optical micro-
scope, as prescribed by the standard.

















The resulting KQ is accepted as a valid plane strain frac-
ture toughness value if all characteristic lengths of the
samples (X ¼ B, W or a) comply with the condition:







following the STM recommendation to employ the fracture
stress (sf) instead of yield stress as a conservative estima-
tion of the conditions for plane strain dominance in crack
propagation of brittle polymers.
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The photoelasticity tests were conducted in a plane
polariscope coupled to a hydraulic manual press, as stated
before, using samples of set II. Loads were applied
corresponding to pressures of 2.45 kPa (2.5 kgf$cm2),
4.9 kPa (5 kgf$cm2), 7.35 kPa (7.5 kgf$cm2), 9.8 kPa
(10 kgf$cm2), 12.25 kPa (12.5 kgf$cm2) and 13.72 kPa
(14 kgf$cm2).
The samples were tested in four conﬁgurations: pre-
crack produced by tapping on the blade, pre-crack
produced by controlled insertion of the blade, only the
machined notch and only a sawed notch. The Moiré fringe
patternwas recorded using a 4.0megapixels digital camera.
No attempt was made to quantify the displacement ﬁeld,
and the results are discussed only qualitatively.
3. Results and discussion
3.1. Fracture toughness results
Fig. 3 shows the trace (wake) of a pre-crack introduced
by tapping on the blade in the sample surface. It can be seen
that, even in the so called “natural” pre-crack, some
damage is observed below its termination line. This
damage is, however, considerably larger in the case of the
pre-crack introduced by slowly pressing the blade. The
nature of this damage, however, could not be determined in
the present investigation.
Fig. 4 shows two examples of fracture surfaces obtained
from samples with pre-crack introduced by different
methods. Analysis of the developed topographies in these
fracture surfaces can be correlated with features in the
unstable crack propagation [8]. In the case in which the
pre-crack was introduced by slowly pressing the blade
(Fig. 4a), a set of concentric lines emanating from a region
close to the center of the pre-crack termination line was
observed. This suggests that in this case the unstable crack
origin was this region, which has the form of a penny-
shaped crack rather than the termination line of the pre-
crack itself (straight-through pre-crack). This did notFig. 3. Trace in the sample’s surface of the pre-crack produced by tapping on
a blade placed on the notch root. Secondary electron image of the gold-
coated surface. Arrow (a) indicates the point corresponding to the pre-
crack termination line, arrow (b) corresponds to the observed matrix
damage zone.occur in the case of the pre-crack introduced by tapping on
the blade (Fig. 4b), in which the fracture surface presented
features that resembled Hackle lines running perpendic-
ular from the pre-crack termination line. This suggests that,
in this case, the entire straight-through pre-crack worked
as a nucleus for unstable propagation, as expected. Three
samples were analyzed for each insertion method, and the
fractographic characteristics described above were
reproducible.
Table 2 shows the results of the four sets of samples
investigated in the present work. As observed, all tests
compliedwith the geometrical constraints for dominance of
plane strain during crack propagation (Eq. (3)), so, in prin-
ciple, all 24 results are valid for determination of KIc. It must
be remembered, however, that only the ﬁrst two sets are
regular fracture toughness tests, since the other two were
performed without a proper pre-crack. A simple statistical
test can be applied to compare the average KIc values. By
setting the null hypothesis “averages between sets 1 and 2
are equal” one can show, with 95% signiﬁcance level, that
the KIc values are affected by the pre-cracking method. A
comparison between the individual results in both sets
showed that the values obtained with the “natural” pre-
crack introduced by tapping on a blade were consistently
smaller than the ones obtained by slowlypressing the blade.
In other words, the “natural” crack produced by tapping on
a blade produced more conservative values of plane strain
fracture toughness, contrary to what was observed in the
case of polyethylene in a previous work.
Surprisingly, sets 3 and 4, in which no pre-crack are
introduced, resulted in “KIc” values which were compatible
with the result of set 1 (the result of the statistical test
mentioned in the previous paragraph would conclude that
the null hypothesis cannot be rejected). Of course, these
fracture toughness values are not regular, since the test was
conducted only with the notched samples, but one could
speculate that the relatively rough notching procedures
produced several microcracks in the brittle polymer matrix
close to the notch root, which operated as natural pre-
cracks, as in the case of the tapping method. Similar expla-
nation has been used to justify the application of SENB
method (notched bar by saw cut) for measurement of frac-
ture toughness of ceramic materials; however, it has been
observed that the KIc value varies with notch width [9].
Plane strain fracture toughness of the investigated resin
obtained in the samples with “natural” pre-cracks intro-
duced by tapping on a blade was 1.15 0.11 MPa$m1/2. This
value is compatible with other results reported in the
literature for other PMMA resins, which lie in the interval
0.7  KIc  1.6 MPa$m1/2 [10].
The different pre-cracking methods also have implica-
tions for the development of the test. It was observed, for
example, that the tapping method allows better control of
the pre-crack length, and that the slowly pressing method
led to about 10% loss of samples due to sample fracture
during pre-cracking.
3.2. Photoelasticity results
Fig. 5 shows anexample of theMoiré patterns observed in
the photoelasticity experiments for samples with pre-cracks
Fig. 4. Examples of fracture surfaces in SENB specimens after the tree-point bending test showing different morphologies for the case in which the pre-crack was
introduced by slowly pressing the blade (a) and by tapping on the blade (b). The termination line of the pre-cracks is indicated by an arrow in both cases.
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the blade (Fig. 5b) and for samples containing only the
notches asproducedby the rotarydisk (Fig. 5c) andbysawing
the sample (Fig. 5d). These images corresponded only to the
ﬁrst level of loading (corresponding to 0.49 MPa in the
manual press). The remaining images can be found in refer-
ence [11].
Although qualitative, these results corroborated the
ﬁnding of the mechanical testing. The pre-crack produced
by slowly pressing the blade presented a distinct pattern
of Moiré fringes close to the pre-crack, which suggests
that the displacement ﬁelds at that region are affected by a
stress state superimposed on the stress state characteristicTable 2
Results of plane strain fracture toughness for the investigated PMMA resin obtai
Sample W [mm] B [mm] a [mm] Fmax
Set 1 “natural” pre-crack, produced by tapping on a blade
1 13.0 6.7 5.82 104.0
2 13.1 6.6 5.68 99.0
3 13.1 6.5 5.53 85.0
4 12.9 6.2 6.00 91.1
5 13.0 6.5 6.00 91.1
6 12.9 6.2 6.10 82.3
Set 2 Pre-crack produced by slowly pressing the blade
1 13.2 6.5 4.42 194.2
2 13.0 6.5 4.92 195.2
3 13.1 6.4 4.17 198.0
4 12.8 6.4 6.10 115.6
5 12.8 6.3 6.10 137.2
6 13.0 6.2 6.20 132.3
Set 3 Notched samples, notch produced with the rotary disk
1 13.0 6.5 4.0 148.9
2 13.0 6.4 4.0 147.0
3 13.0 6.4 4.0 141.1
4 13.0 6.4 4.0 153.8
5 12.6 6.3 4.0 142.1
6a 12.8 5.8 4.0 99.6
Set 4 Notched samples, sawed notch
1a 12.8 5.8 4.2 106.8
2a 12.9 5.8 4.1 112.7
3a 12.9 5.5 4.0 127.4
4a 12.8 5.6 4.3 99.9
5a 13.0 5.8 4.3 110.7
6a 13.0 5.8 4.2 105.8
a Indicates that the sample was extracted from the second compressed plate.of the loaded sample. This stress state, supposedly, corre-
sponds to the “residual stresses” mentioned in the test
standards [2,3]. This clearly affects crack propagation, as
shown in Fig. 4a. The larger KIc values observed when this
pre-crackingmethod was used (see Table 2) can be justiﬁed
both as a consequence of these stresses (if they are
compressive) and due to the perturbation of the unstable
crack propagation, probably with both effects being
interrelated.
The patterns produced in the notched samples are also
worth discussing. It is interesting that the relatively rough
notching method of the sawed sample produced a fringe
pattern which resembled closely the one for the case inned in three-point bending test using samples of set I.
[N] KQ [MPa$m1/2] Lcrit [mm] KIc  st.dev.
[MPa$m1/2]
























Fig. 5. Examples of Moiré patterns produced in samples of set II under a load corresponding to 0.49 MPa setting of the manual press. (a) Sample with pre-crack
introduced by tapping on a blade, (b) with pre-crack produced by slowly pressing the blade, (c) notched sample, with the notch produced by the rotary disk and
(d) by sawing.
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on a blade. As seen in Table 2, both sets of samples resulted
in practically the same plane strain fracture toughness
value. The notched sample, with notch produced by the
rotary disk showed a slight perturbation of the patterns
close to the notch root and ﬂanks. It is interesting to note
that this perturbation was not observed in the sample
containing the pre-crack produced by tapping on the blade,
which also contained a machined notch produced by the
rotary disk. Two possible explanations for this inconsis-
tency are: (1) the perturbation is a particularity of this
sample and is not reproduced in the general case or (2) the
opening of the “natural” pre-crack releases part of these
stresses to levels in which they can no longer be identiﬁed
in the fringe patterns. The results of this work showed the
importance of the methodology for introduction of sharp
pre-cracks resembling the natural cracks in polymers for
determination of their KIc values, a subject extensively
investigated also for ceramic materials [12].
4. Conclusions
The two investigated pre-cracking methods resulted in
different working conditions at the onset of unstable
cracking, causing different fracture toughness values. The
results of the photoelasticity tests showed that the
“natural” pre-crack, as introduced by tapping on the blade,is less “disturbed” close to its tip, resulting in a non-altered
(strained) polymer behavior, which was corroborated both
by the lower KIc value and the fractographic pattern, which
showed planar crack propagation.
The pre-crack, as inserted by slowly pressing the blade,
on the other hand, has a “perturbed” stress state close to
the tip, which leads to higher KIc values and a non-planar
propagation of the unstable crack. Therefore, it is safe to
conclude that the “tapping on the blade”method should be
preferred in the case of PMMA.
Comparing this result with the one obtained for poly-
ethylene by some of the present authors [7] it seems that it
is not a simple question of the material being “tough” or
“brittle”, since in the cryogenic conditions used to test PE in
ref. [7], the polymer was clearly linear elastic (brittle). The
relevant factor seems to be the state of the polymer during
pre-cracking and not during testing. Further investigations
using different polymers are needed in order to obtain
a pattern, but clearly, different polymers require different
pre-cracking methods and so, no “universal” pre-cracking
method should be expected to be valid for every polymer,
as is the case for metals and alloys.
In the case of the different notching methods investi-
gated using samples which did not contain pre-cracks, it
was observed that, indeed, they resulted in similar fracture
toughness values. Nevertheless, these results are not
regular and a pre-crack must be introduced to obtain valid
J.M. de Souza et al. / Polymer Testing 31 (2012) 834–840840fracture toughness values. For practical reasons, however, it
was observed that the angular (sharp) notch, in spite of
being more difﬁcult to produce, allows better control of the
pre-crack production by directing the blade to a single
point, thereby increasing the test reproducibility.
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